Abstract Porous silicon nanowire is fabricated by a simple electrospinning process combined with a magnesium reduction; this material is investigated for use as an anode material for lithium rechargeable batteries. We find that the porous silicon nanowire electrode from the simple and scalable method can deliver a high reversible capacity with an excellent cycle stability. The enhanced performance in terms of cycling stability is attributed to the facile accommodation of the volume change by the pores in the interconnect and the increased electronic conductivity due to a multi-level carbon coating during the fabrication process.
Introduction
Growing interest in electric vehicles, storage of energy from renewable sources, and load leveling has positioned Li rechargeable batteries at the center of research in the field of energy storage. While Li rechargeable batteries have been widely used to date, new applications require Li batteries with higher energy and power at lower costs [1] [2] [3] [4] [5] [6] . As a promising anode material for advanced Li batteries, Si has attracted considerable interest. It can deliver exceptionally high theoretical capacity (ca. 4200 mAh g −1 ), about ten times that of a commercial graphite electrode. Moreover, Si is one of the most abundant elements on Earth, and therefore is a potentially cost-effective option. However, a large amount of Li uptake in Si leads to rapid capacity fading due to a considerable volume change followed by pulverization and loss of contact in the electrode during cycling. These problems are major drawbacks for the commercialization of Si anodes [7] . Recently, it was shown that the cycle performance can be significantly improved by nano-sizing the Si anode material. Nanoparticles [8] [9] [10] [11] , nanowires [3, 12, 13] , 3 Authors to whom any correspondence should be addressed.
nanotubes [14, 30] , hollow particles [15, 16] and 3D mesoporous structures [17] composed of Si have been successfully fabricated and have shown enhanced electrochemical performance. More facile strain accommodation in these nanostructures contributes to stability of the electrode, preventing particle breakdown [18] . Furthermore, the significantly reduced lithium diffusion length can enhance the lithiation/delithiation kinetics, boosting the rate capability.
The fabrication of nanostructural Si, however, often results in a higher production cost. Also, the use of nano Si with a conductive carbon agent in the electrode significantly reduces the volumetric energy density. Therefore, the development of fabrication methods for effective Si-C mixture at the nano-scale and at an affordable cost is of importance. For this study, we designed highly porous silicon nanowires by a simple electrospinning method combined with a magnesium reduction. The electrospinning technique is a low-cost and high-throughput production method and is particularly advantageous in fabricating various types of one-dimensional nanomaterials [19] [20] [21] [22] .
The fabrication of highly porous silicon nanowires offers several advantages. First, this method is mass scalable, because it entails simple, inexpensive, and vacuum-free preparation steps. Second, compared to conventional chemical vapor deposition (CVD), our method can achieve an enhanced mass loading per area, ∼1 mg cm −2 , for use as an electrode [15] . Third, one-dimensional structures composed of silicon nanocrystals with high porosity can provide greater surface area for the reaction with Li and can accommodate the volume expansion of Li x Si during cycling due to their large pore volume. Fourth, the multi-level carbon coating on the Si nanostructure during the process not only increases the electronic conductivity, but can also buffer the expansion and shrinkage of Si nanostructures upon repeated cycling.
Experimental section

Materials
Tetraethyl orthosilicate (99.999%), polyvinylpyrrolidone (M.W. ∼1300 000), magnesium (powder, 99%), and HCl (37%) were purchased from Aldrich (USA). Acetic acid and HF (48-51%) were purchased from Alfa (Korea).
Preparation of electrospinning source
1.5 g of tetraethyl orthosilicate (TEOS) was dissolved in 4 g of de-ionized water and stirred for 10 min. 3.5 g of ethanol and 1 g of polyvinylpyrrolidone (PVP) were added to the solution. The solution was then sonicated for 20 min. When the PVP was dissolved completely, 1.0 g of acetic acid was added to the solution to control the viscosity of the samples. The mixed solution was stabilized for 30 min before electrospinning.
Electrospinning process
The polymer blend solution was electrospun using conventional electrospinning equipment (NanoNC, ESR200RD). The electrospun nanowires were collected on a rotating drum (at about 100 rpm). The precursor solution was fed through a syringe with a metal needle (diameter: 0.4-0.5 mm) by a syringe pump. The injection rate of the solution was 15 µm min −1 . A high voltage of 15 kV was applied between the metal tip and the rotary drum with a gap distance of 15 cm. All the experiments were conducted at room temperature and in an air atmosphere.
Pyrolysis of the as-spun nanowires
The collected as-spun nanowires were transferred to an alumina plate and calcined in air at 550 • C for 4 h.
Reduction of the SiO 2 nanowires
The silica nanowires were spread evenly within a separated steel boat. Magnesium granules were then placed at opposite ends of the separated steel boat. The SiO 2 :Mg molar ratio was 1:2.5. The steel boat was put into a cylindrical steel container and assembled in an Ar-filled glove box. The assembled cylindrical steel container was placed into a rapid thermal annealing system that had been preheated to 685 • C and kept for 45 min.
Washing process
The samples were immersed in HCl for 4 h to remove magnesium silicide and magnesium oxide and then filtered. The obtained silicon nanowires were dissolved in a 10 wt% dilute HF solution for 10 min to remove unreacted silica from the magnesium reduction step. The dark brown precipitate was collected by filtration and dried for 12 h in a vacuum oven to evaporate the remaining solvent.
Carbon coating by diazotization reaction
The obtained silicon nanowires were added to 100 ml of a de-ionized water mixture containing 12 ml of concentrated hydrochloric acid and 0.4 g of p-phenylenediamine under continuous stirring. Subsequently, 20 ml of a 1.0 M sodium nitrite solution was added dropwise into the above mixture. After this, the mixture was stirred for 12 h in an ice-water bath. The resulting reaction solution was filtered, washed with ethanol and de-ionized water, and dried at 80 • C under vacuum for 12 h. Finally, the carbon-coated silicon nanowires were obtained by carbonizing in a furnace under a flowing Ar/H 2 (5% H 2 ) atmosphere at 800 • C for 3 h.
Characterization of the silicon nanowires
The size and morphology of the powdered samples were observed by field emission scanning electron microscopy (FE-SEM, Philips, XL30 FEG, Eindhoven, Netherlands) and field emission high resolution transmission electron microscopy (JEOL, NEM-2100F). Investigation of the crystal structure was carried out using an x-ray diffractometer (XRD, Rigaku, D/MAX-RB diffractometer, Tokyo, Japan) equipped with Cu Kα by step scanning (0.03 • s −1 ) in the 2θ range of 20 • -80 • . The chemical bonding nature of C, O, and Si was analyzed by x-ray photoelectron spectroscopy (VG Scientific, ESCALAB 200i). The sample was further characterized using an FT-IR microscope (Hyperion 3000) with the KBr pellet method and a high resolution dispersive Raman microscope (Lab-RAM HR UV/vis/NIR) with Raman shifts from 100 to 4000 cm −1 .
Electrochemical analysis of the silicon nanowires
A carbon-coated silicon nanowire electrode was prepared with active material (80 wt%), carbon black (super P) (10 wt%), and polyvinylidenefluoride binder (10 wt%). The active material was composed of 71 wt% of Si and 29 wt% of C. CR2016-type coin cells were assembled in an Ar-filled glove box (Mbarun) with the prepared electrode, Li metal as a counter-electrode, a separator (Celgard 2400), and an electrolyte of 1 M LiPF 6 in a 1:1 mixture of ethylene carbonate and dimethyl carbonate (Techno Semichem). The electrochemical properties were tested by a battery cycler (Wona Tech, WBCS3000). A galvanostatic charge-discharge test was performed in a voltage range of 0.001-1.5 V. To investigate the structural change, after 100 cycles the cell was disassembled in an Ar-filled glove box. The electrodes were washed with dimethyl carbonate (DMC) to remove residual LiPF 6 salt. The morphology of the powdered samples was observed by TEM. Figure 1 schematically shows the synthesis process of the porous silicon nanowires. Immediately after the polymer blend is spun from the nozzle, continuous nanowires with similar diameters are generated. The subsequent pyrolysis step in air effectively decomposes the PVP and the organic components in the silica precursor. During the pyrolysis process, silicon dioxide with nano-scale dimensions is formed in the nanowires. The SiO 2 nanowires can be converted to Si nanowires by a magnesium reduction. The strong oxidation of magnesium vapor results in the reduction of SiO 2 to Si. All of the nanowires are additionally coated with carbon by a diazotization reaction. In this process, aniline is covalently grafted onto the naturally oxidized surfaces of the Si nanowires; these are subsequently carbonized through thermal annealing in Ar/H 2 [23, 24] .
Results and discussion
The microstructures formed in each sequential step of the process are presented in figure 2 . The widths of the as-spun nanowires lie within the range of 200-300 nm, as shown in figure 2(a) . Figure 2(b) shows that the morphology is well retained even after the pyrolysis in air. The widths of the nanowires are slightly reduced compared to the as-spun nanowires due to the decomposition of the organic components from the PVP and the formation of SiO 2 [25] . Figure 2(c) shows the generated Si nanowires after the reduction process. The overall morphology of the nanowires was well retained, although the surface of the nanowires became significantly rougher. A closer examination (inset of figure 2(c)) indicates that the wires are composed of interconnected Si nanocrystals with an average diameter of 50 nm. The high porosity of the silicon nanowires is believed to be due to the washing and removal process of byproducts such as MgO and residual SiO 2 . Further carbon coating by the diazotization reaction did not affect the morphology of the Si nanowires. However, we can confirm the presence of carbon coating layers from the high resolution transmission electron microscopy (HRTEM) images in figures 3(a) and (b). The HRTEM image in figure 3(a) clearly reveals that individual Si nanocrystals in the nanowires are coated by a carbon layer. The TEM mapping analysis in figure 3(b) indicates that the carbon layers are uniformly formed on inner and outer Si nanowires. Also, the uniform carbon layer indicates that the aniline was well grafted onto the surfaces of the naturally oxidized Si nanoparticles and decomposed after thermal annealing (figure S1 available at stacks.iop.org/Nano/ 24/424008/mmedia).
Typical XRD patterns of the Si nanostructures after the Mg reduction process are shown in figure 4(a) . All the diffraction peaks agree well with those of Si [26] [27] [28] . During the magnesium reduction, silica reacts with magnesium vapor and is reduced to silicon nanocrystals. If the converted silicon further reacts with magnesium vapor, magnesium silicide can be formed [26, 28] are observed, and they are attributed to the Si-Si and Si-O bonds in SiO x (x = 2.0) peaks, respectively. After completing the washing process with HF, the peak near 104 eV almost disappears and only a peak near 99 eV from the Si-Si bonds remains. Similarly, the oxygen (O 1s) peak at 520 eV corresponding to Si-O is clearly suppressed after the washing process. It should be noted that there remains a trace amount of oxygen in the Si nanostructures. These residual oxygen elements can anchor the aniline and are further reduced during the diazotization reaction.
The electrochemical performance of the fabricated carbon-coated silicon nanowires was evaluated with galvanostatic measurements. The first discharge capacity was about 3600 mAh g −1 , close to the theoretical capacity (4200 mAh g −1 ). However, relatively large irreversible capacity in the first cycle was observed. The initial capacity loss is attributed to the presence of some residual SiO x . The residual SiO x after the washing process can react with lithium (SiO x + 2xLi ↔ Si + xLi 2 O), leading to an irreversible Li uptake in the initial discharge process [31] . Despite the initial capacity loss, the capacity slowly increases to about 1800 mAh g −1 with the typical charge-discharge profile of a Si anode in figure 5(a) [3, 7, 10, [12] [13] [14] . The electrochemical profile did not change significantly during subsequent cycles. A capacity of roughly 1500 mAh g −1 was retained after 50 cycles. This characteristic demonstrates the enhancement of the electrochemical performance compared to that for carbon-coated Si nanoparticle (diameter <100 nm) electrodes (figure S3 available at stacks.iop. org/Nano/24/424008/mmedia), which were fabricated by a similar process [23, 24] . This improved cycling performance, compared to that of a simple nanoparticle electrode, is mainly ascribed to the interconnected and highly porous morphology of the carbon-coated silicon nanowires, which reduces the chance of particle breakdown and loss of electrical contacts. The nano-sized pores present in the wire between the Si nanoparticles accommodate the volume change of the Li x Si alloy during the charge/discharge processes. The interconnected Si nanoparticles with a multilayer carbon coating enhance the Li-ion and electron transportation. Moreover, it is believed that the interconnected aperiodic nanowires with high porosity not only offer pathways for Li ions, but also allow for redirection of the ion traffic [29] . The rate capability in figure S4 (available at stacks.iop. org/Nano/24/424008/mmedia) supports the idea that porous Si nanowires can offer various conducting pathways. It is noteworthy that the electrode shows a relatively high capacity at a current rate of 2000 mA g −1 . Furthermore, the original capacity at a current rate of 200 mA g −1 was fully recovered after high current operations. We further measured the volumetric capacity of porous Si nanowires based on the tap density of silicon nanowires to compare the electrochemical properties with commercial graphite, as shown in figure S6 (available at stacks.iop.org/Nano/24/424008/mmedia). The volumetric capacity was slightly higher than that of graphite. As reported previously, a nano-size electrode with low tap density results in lowering the volumetric capacity in practical battery applications [35] . Therefore, optimization of the electrode porosity to maintain its advantage of high electrochemical activity from its nano-morphology remains a challenge.
After 50 cycles, we observed some capacity loss ( figure 5(b) ). To clarify the origin of this, after 100 cycles the porous silicon electrode was investigated by ex situ TEM. The TEM images after 100 cycles in figure S4(a) (available at stacks.iop.org/Nano/24/424008/mmedia) show that Si nanowires with diameters less than 300 nm generally retained their original morphology after the cycles, whereas relatively thick Si nanowires (>300 nm in diameter) were broken into pieces after the cycles, as shown in figure S4 (b) (available at stacks.iop.org/Nano/24/424008/mmedia). This observation is in good agreement with recent reports on the effect of the critical size of Si nanowires on fracture [32, 33] . The lower elastic energy release in small diameter nanowires can prevent propagation of cracks and deformation of the nanowires [34] . Therefore, it is expected that the preparation of porous nanowires with controlled diameter will be important in enhancing the cycle performance. It should be noted that excessive growth of the solid-electrolyte interface (SEI) is one of the difficulties in applying Si anodes in practical full cells. Using conventional electrolyte, the growth of the SEI will irreversibly consume lithium sources from the cathode side, leading to a full-cell cycle degradation, which is also similar to the case of our experiment on full-cell operation. Therefore, more effort such as the development of SEI-stabilizing additives or new electrolyte systems needs to be devoted toward the application of Si in practical batteries.
Summary
Highly porous silicon nanowires have been fabricated by a simple and cost-efficient electrospinning technique combined with a Mg reduction method. Interconnected Si nanocrystals with an average size of 50 nm were formed along continuous nanowires with a multi-level carbon coating. Electrochemical analysis of the carbon-coated silicon nanowires showed a high reversible capacity that reached as much as 1500 mAh g −1 at the 50th cycle. We believe that the improved performance can be attributed to the multi-level carbon layer, which increases the electronic conductivity, and to the nanopores between the Si particles, which accommodate the volume change of the LiSi alloy. The proposed strategy for fabrication of a hierarchical composite is expected to be cost effective and advantageous for mass-scale fabrication.
